In sympathetic neurons the axonal reticulum can be considered an extension of the secretory pole of the Golgi apparatus. If this tubular system indeed represents the neuroseuetory apparatus, it would likely contain on its membranes the enzymes involved in catecholamine synthesis. To test this hypothesis, we investigated the distribution of dopamine+hydroxylase and cytochrome b561 in bovine splenic nerve and nerve terminals in the vas deferens with an immunogold procedure after glycolmethacrylate embedding. Counterstaining with phosphotungstic acid at low pH selectively revealed the axonal reticulum elements. With antibodies against both enzymes, gold labeling was observed over the large dense-cored vesicles, the Golgi-associated axonal reticntroduction In nerve terminals at least two types of vesicles can be distinguished: the large dense-cored vesicles (LDCV), which store neurotransmitter together with enzymes and peptides (4,5,27) and the small densecored vesicles (SDCV) or the translucent small synaptic vesicle (SSV), which co-store the neurotransmitter and nucleotides (14,24). Several years ago it was pointed out (7, 20, 26, 28, 29) that the axonal reticulum could be engaged in the processing of neurotransmittercontaining vesicles, but at present the production, storage, and transport of neurotransmitters are still largely interpreted in terms of an axopetal movement of particles (27). Despite intensive research, an important discrepancy thus seems to remain in our perception of the functional integration of the truns-Golgi network, the axonal reticulum, and the large and small dense-cored vesicles.
elements consisting of saccules and tubules (20) . They give rise to slender tubules in the cell body, which descend the axon to form the axonal reticulum proper. The axonal reticulum, mainly in terminals, may further differentiate into a complex of tubules which include large and small DCVs (20, 22, 28, 29) . If the axonal reticulum, as suggested, represents the neurosecretory system within axons, it should be possible to detect membrane-bound proteins such as dopamine-0-hydroxylase (DBH) and cytochrome b56l (cyt b56l) on their tubules. Both are involved in catecholamine synthesis (1, 27, 30, 31) .
At the light microscopic level, DPH immunoreactivity has been described in cell bodies and axons of bovine splenic nerves (9) . At the ultrastructural level, immunolocalizations have been most successful on LDCVs (11, 17, 27) . However, in synapses (2, 16, 18, 19, 23) DPH could not be assigned to well-defined synaptic elements because of diffusion artifacts of the DAB reaction product. The other antigen, cyt b561, was localized with immunogold cytochemistry on adrenal chromaffin granules and small vesicles (10) . To reach ultrastructural resolution we used the same combination of stainings as applied in the lectin studies on the axonal reticulum (21) . This methodology allows selective contrasting and unequivocal recognition of the axonal reticulum elements after a post-embedding gold labeling procedure.
It was the aim of our investigation to search for antigenicity against DPH and cyt b56l on the Golgi-associated axonal reticulum (20) , on the tubules of the reticulum within axons, and on the tubular complex at the nerve ending (20, 22, 28, 29) in bovine neurons. The demonstration of two integrating components of the LDCVs ( 2 4 ) on the tubules of the axonal reticulum enables us to draw the conclusion that the neurosecretory function of the Golgi apparatus in the cell body is linked to the neurosecretory activity of the tubular complex (20, 22, 28, 29) at the nerve terminal.
Materials and Methods
Tissue Preparation. Bovine stellate ganglia, splenic nerves, and vasa deferentia were collected at the slaughterhouse within 15-20 min after death. All tissues were immediately chilled. After removal of adhering tissue the specimens were cut into thin slices (1-2 mm) and put in fixative. Of the splenic nerves, small bundles 4-5 cm in length, were secured at their ends with needles on wax plates to keep them well stretched during fixation. They remained in that position until after dehydration. The fixative solution consisted of 0.1 M cacodylate buffer, pH 7.2-7.4, containing 2% paraformaldehyde/O.l% glutaraldehyde (Merck; Darmstadt. Germany). All specimens were fixed overnight and then rinsed in 0.1 M cacodylate buffer, pH 7.2-7.4. Dehydration and embedding in glycolmethacrylate were according to Leduc and Bernhard (13) . The ultra-thin sections were collected on bare 300-mesh nickel grids.
Antisera. DDH was purified from the lysate of bovine chromaffin granules according to the method of Dillen et al. (6) with concanavalin-affinity chromatography. Cyt b56l was purified from bovine chromaffin granule membranes through chromatofocusing, essentially as reported earlier (30) . New Zealand White rabbits were immunized subcutaneously with 1 mg of antigen and boosrered with 400 PI after 1 month. The rabbits were bled 2 weeks after the last injection and the sera were collected. Both polyclonal antibodies were tested by immunoblotting ( Figure 1 ) and appeared to be selective. Monoclonal anti-synaptophysin (clone SY 38) was from Boehringer (Mannheim, Germany). Immunogold-PTA. The grids were pre-treated with 5 % goat serum In the axoplasm the LDCVs are the most heavily labeled structures when exposed to anti-DBH. (b) In the axons the LDCVs are frequently labeled but the immunoreactivity is rather low. A smaller structure at right, presumably a transection of an axonal reticulum tubule, also carries a gold particle. Arrow, axolemma. Original magnification x 35,000. Bar = 250 nm.
(Dakopatts; Glostrup. Denmark)/Tris-buffered saline (TBS) for 30 min. Excess fluid was wiped off and the grids were put overnight on the appropriately diluted antibody in 5% goat serumlTBS containing 0.01% sodium azide. Dilutions were: anti-DDH. 1:200-1:10.000: anti-cyt bS61, 1:200-1:500. anti-synaprophysin, 1:20. In the double labeling experiments the polyclonal and monoclonal antibodies were applied together. In the controls the specific antibody was replaced by pre-immune rabbit serum. Dilutions were 1:200-1:1000. After a jet rinse the grids were rinsed rwice for 10 min on a drop of TBS under constant motion. Without drying the grids were put on a 20 pl drop of the diluted secondary antibody-gold complexes (1:20) in 5 % goat serum/TBS. After a jet rinse and passage over 2 drops of TBS they were finally rinsed with distilled water and dried. Before electron microscopic examination at 80 kV they were stained for 4 min on a drop of 1% PTA in 1 N HCI (pH 0.3) and carefully dried with filter paper. Staining with saturated uranyl acetate in 50% alcohol and alkaline lead citrate was for 3 and 2 min. respectively.
Quantification. After antibody labeling and in controls. the gold labeling density on the axonal reticulum tubules and on the axoplasm was de-
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termined. For this purpose the surface of both compartments was recorded on the micrographs with an X-Y tablet (Mini-Mop: Kontron. Eching; Germany). The test of a null hypothesis was done with chi-square.
CeN Bodies
Because the secretory apparatus originates at the inner side of the Golgi apparatus, DPH and cyt b56l immunoreactivity was studied in the neuronal cell bodies of the stellate ganglion. At the trans-Golgi network, DPH immunoreactivity was mainly concentrated over slightly contrasted tubular and vesicular structures (Figure 2a ) of the Golgi-associated axonal reticulum. In the cell body, gold labeling for DOH was also seen over granules that resembled LDCVs (Figure 2b ). As the axonal reticulum tubules farther away in the cell body are widely dispersed and improperly oriented, they are difficult to recognize and consequently label could not be detected on them. Similar results (not shown) were obtained for cyt b561.
Axonal Profiles
In longitudinally oriented or cross-sectioned mons of splenic nerves, DPH (Figure 3a ) and cyt b561 (Figure 3b ) immunoreactivity was observed predominantly over the border and to a lesser extent over the matrix of the LDCVs. In general, the labeling of LDCVs obtained with anti-cyt b56l was somewhat less intense. Since axonal reticulum elements were sparse, immunoreactivity of the axonal reticulum tubules could only be detected adequately on longitudinally oriented axonal reticulum tubules. Even then not all of the tubules shown with PTA were available for immunocytochemistry. This is due to the fact that PTA stained the tubules throughout the section, whereas the antigenic sites were exposed only at the surface. Hence, the labeling of the axonal reticulum membranes was rather discrete. Nevertheless, labeling with anti-DPH (Figure  4) . as well as with anti-cyt b561 ( Figure 5) , was regularly observed on well-discernible axonal reticulum tubules and was highly significant @<0.0005). Some shorter segments, presumably derived from tangentially cut axonal reticulum tubules, were also labeled. Multivesicular bodies are a common feature in axons and with both antibodies gold particles could occasionally be seen over them.
Nerve Terminals
The nerve terminals of the sympathetic neurons were studied in In the nerve terminal the labeling for DpH (15 nm) is on well-recognizable larger vesicular and tubular structures (arrow) and on more irregularly outlined areas, which are presumably tangentially cut elements of the tubular complex (large arrowhead). Labeling on LDCVs (top right) is only sporadic. The labeling for synaptophysin (5 nm) is on several small vesicles (small arrowhead) with a core of approximately 30 nm. Original magnification x 48,500. Bar = 250 nm. the vas deferens. Anti-DBH (Figure 7) immunoreactivity was demonstrated over the border of LDCVs. Gold particles were also regularly seen over vesicular and tubular structures and over less wellrecognizable, slightly PTA-positive membrane patches. Double labeling with anti-DPH and anti-synaptophysin (Figure 7) revealed that synaptophysin was restricted to small faintly contrasted vesicles (core 30 nm). With anti-cyt b561 (Figures 8a and 8b) the results were similar to those with anti-DBH. After conventional staining with Ur and Pb it was shown that most of the structures labeled for DPH and cyt b56l (Figure 8b) were indeed of a membranous nature. These membranes were derived from a reticular differentiation which makes up the tubular complex.
Controls
No significant labeling could be seen in the cell bodies, on the tubules of the axonal reticulum ( Figure 6 ) within axons (p<0.250), or on the tubular complexes at the nerve terminal after incubation with pre-immune serum.
Discussion
The subcellular distribution of DPH (15,24), cyt b56l (8,15) and other components in peripheral adrenergic neurons has been investigated by fractionation methods. Such subcellular fractionation studies have provided important information on neuronal function, but it is clear that the integration of all those data has to come from in situ characterization of the intact structures making up the neurosecretory apparatus. However, the ultrastructural immunolocalization of DPH (2, 16, 19, 27) and cyt b561(10) in intact peripheral nerves is difficult. The combination of PTA staining and immunogold cytochemistry on glycolmethylacrylate sections has provided a technical breakthrough in the ultrastructural identification of the structures that ultimately bear the DPH immunoreactivity found at the light microscopic level (9).
Our previous studies on adrenergic neurons (20) already led to the view that the axonal reticulum inside axom (29) can be regarded as a topographical extension of the Golgi apparatus. In that model the axonal reticulum comprises several parts (20, 21, 22, 28, 29) : (a) a Golgi-associated reticulum; (b) a tubular reticulum within axons, linking the Golgi apparatus with the nerve terminal, and (c) an amine-containing tubular complex, including small and large DCVs, at the nerve ending. From our previous results it can be inferred that the tubular complex represents a reticular differentiation (20) of the axonal reticulum tubules, and the adherence to the LDCVs of short pieces of membrane was also suggestive of their relationship (26, 28) with the axonal reticulum. Such findings, together with recent information (21) , provided a good indication of the relationship among all of the structures involved, but it remained to be proven that integrating membrane proteins of neurosecretory vesicles (1, 27, 30, 31) could be detected on the axonal reticulum membranes. The present study has demonstrated immunoreactivity against DPH and cyt b56l on the membranes of the Golgi-associated axonal reticulum, on the reticulum within axons, and on the tubular complexes. These results provide compelling evidence that sympathetic neurons possess a secretory system extending throughout their axons. This conclusion is consistent with the earlier suggestion that on subcellular fractionation a separate class of DPH-containing membranous structures (120 nm) may have been derived from the axonal reticulum (24) , and is also in line with the finding that norepinephrine synthesis occurs mainly in the terminals (12).
In sympathetic axons, configurations are observed that suggest that LDCVs are formed locally from the tubular axonal reticulum. At the nerve endings the elements of the tubular complex seem to be less well contrasted by PTA than the axonal reticulum tubules. This may be due to altered staining characteristics because of differentiation, but it also seems possible that, because of the complexity, several membranes are cut tangentially and therefore stand out less clearly. At the tubular complex local formation of vesicles (21, 22, 28, 29) is suggested by the intimate association with SDCVs and by the continuity with LDCVs. At the tubular complex gold labeling clearly revealed the presence of DPH and cyt b561. But the question remains whether DPH and cyt b561 could also be found on the SDCVs. At this point subcellular fractionation studies have provided conflicting results. According to some authors, DOH (15, 24) and cyt b56l (8, 24) can be found in the light vesicle fraction, whereas others reported evidence that the SDCVs are DPHpoor or lack the enzyme altogether (3, 25, 27) . Our double labeling experiments with synaptophysin favor the view that the SDCVs are formed in an additional differentiation step, during which DPH and cyt b56l are largely retained in the tubular complex.
From our results it can be concluded that sympathetic neurons possess a tubular neurosecretory system spanning the neuronal cell from the Golgi apparatus in the cell body to the nerve terminal. This system may give rise directly to LDCVs or may further differentiate into the tubular complex. The common denominator for all those elements is the presence of enzymes involved in catecholamine synthesis.
